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Abstract
The purpose of this thesis is to test a new method known as shearing for the layup of Non-Crimp Fabric (NCF) plies for 2-dimensional and 3-dimensional composite components. This research includes the development of a machine capable of imparting shear on NCF plies. Results are presented with an equation for calculating machine settings for a given contour.
The machine is found to be capable of imparting a shear on the fabric, and the shear is found to have a significant positive impact on the quality of these samples during fabric layup. Fatigue tensile testing was conducted to understand the effect of the shearing method on the properties of composite components, and the samples produced by the machine display a fatigue life greater than samples produced by other methods. This research makes the automation of composite layup possible, which could replace high labor costs in industries such as wind turbine blade manufacturing.
Introduction
Composite materials are made up of two or more components that remain distinguishably unique even after they are combined. Fiber-reinforced polymers (FRP) are composite materials made of fibers within a polymer matrix. Carbon fiber and fiberglass are two very common types of composite materials due to their lightweight and high strength properties. This research focusses on the study of automated manufacturing of FRP composites.
Carbon fiber has superior weight and strength characteristics to fiberglass, which makes it the preferred material for aerospace and similar applications; however, it is nearly 10 times more expensive than fiberglass, and this cost difference makes fiberglass desirable in applications where cost has a larger impact on decisions. For cost reasons, the automation of manufacturing of carbon fiber and fiberglass has taken very different paths. The high-value aerospace applications of carbon fiber are typically able to justify costly automated manufacturing techniques. Carbon fiber material manufacturing has been highly automated using expensive machinery that is capable of very accurately placing small amounts of carbon fiber with a high level of precision; however, this method is very costly and has little application in industries where cost is a key decision factor. This research focusses on a potential solution for low-cost automated manufacturing of FRP components. This would reduce the cost to produce these parts and increase the quality of these parts by removing the cost and variability of human operators.
There are several options available for the manufacture of composite parts: (1) filament winding, (2) pre-impregnated lamination, (3) tape layup, (3) wet layup, and (4) vacuum assisted resin transfer molding (VARTM). (1) Filament winding is inexpensive, but it is incapable of producing many parts with complex geometry. (2) Pre-impregnated lamination uses material previously infused with resin to attain a precise ratio of fiber to resin. This raw material is more expensive because it requires preimpregnation and the material must be stored at a cool temperature to prevent it from curing before production. (3) Tape layup is an automated process that places thin pre-impregnated "tapes" of several fibers on a mold with high precision and accuracy. This is very expensive and creates a high-quality end product. (4) VARTM is commonly used for large parts where cost is a significant factor, because it uses dry material which is less expensive than pre-impregnated material, and can deposit large sections of composite fabric at once which lowers the time and cost necessary for manufacturing.
The VARTM process begins with dry fabric made of fiberglass or carbon fiber that is woven or stitched together is placed into a mold. A plastic sheet is placed over the fabric to stop air bubbles from entering the part. Then a vacuum pulls resin through the dry fabric to create the composite material which is called infusion. The machine discussed in this paper is designed to automate the dry fabric layup required for VARTM.
The fabric is originally a flat, two-dimensional sheet that is placed in a mold. If the fabric is too rigid to conform to the mold, non-conformities will appear in the part. An individual non-conformity is known as a wave (Figure 1 ). The presence of wave defects can lead to a significant reduction in the strength and can cause premature failure of a composite part [1] .
Dry fiberglass fabric primarily comes in two forms. Fiberglass can be Woven or Non-Crimp Fabric (Figure 2 ). Woven fiberglass is produced by weaving the tows (individual bundle of composite fibers) together. However, this weaving induces small waves as the tow travels up-and-down through the weave as it passes over or under another fiber bundle, causing a slight reduction in structural properties. Non-Crimp Fabric (NCF) -fabric where all the tows in a single layer (ply) are travelling the same direction (unidirectional) and stitched together (stitch-bonded) -has become the more popular fabric choice because it has superior structural properties due to the direct path of each tow Unidirectional opposed to the up-and-down path of each woven tow. This paper will focus on unidirectional fabric where all tows in all layers are travelling the same direction.
When fabric is placed in a complex mold, it must be manipulated to conform to the mold, otherwise there will be a wave where it fails to conform. This manipulation causes the tows to move in relation to one another. For example, Figure 3 and Figure 4 show three tows travelling across a three-dimensional surface. Each tow is required to travel a different distance in order to lay flat against the mold. This creates an angle between the cross-tows connecting the three tows Figure 5 . This angle is known as the shear angle and it changes throughout the fabric based on the shape of the mold. Every fabric has a maximum shear angle known as its shear locking limit where the fabric can no longer shear to conform to the mold and a wave must form at that point. The SLL varies between fabrics, but every fabric has a limit somewhere between 0°and 90°.
The work presented in this thesis is an extension of the work done by Meng in Pre-shearing planning for the layup of unidirectional fabrics [3] . Rather than introducing shear into the fabric by smoothing it on the mold, Meng suggested shearing the fabric before it was placed on the mold. Meng presented an algorithm through which the shear angle distribution obtained from kinematic simulation of the naïve layup approach could be utilized to generate a fabric pre-shearing plan prior to the layup process. In shearing, tows are adjusted forward or backward relative to one another to avoid a buildup of excess material. In shifting, the cross-tows are adjusted forward or backward relative to one another to avoid the buildup of excess material. In Figure 7 , the fabric is being maneuvered around a 90°
turn, the first image shows steering where the fabric is "steered" around the turn. In this layup method, the excess length in each tow builds up throughout the turn and causes out-of-plane deformation on the inner side -deformation that is not contained to the two dimensions of the turn. This is similar to runners travelling around a track: the runner on the outside has a farther distance to travel. The second image shows shearing, where the excess length is all pushed to the end of the curve and the fabric on the inner tows travel farther around the turn than the outer tows to avoid excess material. The third image shows shifting, where the fabric is clamped and shifted perpendicular to the fiber direction. Eliminating the out-of-plane deformation is significant because out-of-plane deformation is responsible for the waves that cause severe strength reductions in the composite material.
Number One Direction
Number Two Direction 
Literature Review
Current composites manufacturing methods require large quantities of human labor in the form of hand layup of composites. The lack of repeatability for each ply due to human variability makes automation of composite fabric layup challenging. This review will discuss prior attempts to automate the process, and fabric manipulation.
Prior Automation Techniques
The two most commonly used automation techniques in the composites market are (1) automated tape layup machines and (2) filament winding. (1) Automated tape layup precisely places narrow "tapes" of pre- impregnated composite onto the surface of a mold ( Figure 10) ; however, this process is generally considered too costly for the manufacture of low-cost composite parts as it requires very expensive machinery, requires expensive input material, and is very time consuming. (2) Filament winding wraps individual filaments around the part as the part is spun on a mandrel ( Figure 11 ). Although it is inexpensive, it has limitations on the types of parts it is able to produce it: mostly relatively long, round, convex shells of constant wall thickness such as pressure vessels and pipes.
Mills pointed to three areas for manufacturing of affordable high-performance composites: to replace pre-impregnated materials (pre-pregs) with lower cost materials, to automate the material deposition process, and to produce components molded to net thickness [6] . In order to accomplish these objectives, the automation of dry fabric layup is necessary [7] .
Several attempts have been made to automate the fabric layup process. Ruth [8] proposed a robotic work cell capable of ply acquisition, transfer, placement, stacking, and smoothing operations.
The purpose of the robot was to replicate the operations done by hand layup. Sarahidi [9] presented a similar automation method that is detailed in Figure 12 . Sarahidi also discussed the use of an electrostatic gripping device to improve upon conventional fabric handling techniques using pins which grab fabric by puncturing and hooking it.
Challenges to this method include a system capable of placing the fabric, flattening it on the mold and a vision system capable of recognizing when it has been successfully positioned.
The Sarahidi model requires a vision system capable of recognizing when the fabric is properly or improperly placed on the mold. The suggested vision system has been revisited many times including a recent article by Schmitt [10] that demonstrated the ability of multiple sensors to accurately detect fiber direction and height profile of composite materials ( Figure 13 ).
One system designed from these principles was presented by Kordi, [11] . Figure 14 shows the machine that would pick, transport, and place the material. A second device would then smooth the fabric with a set of rollers.
Jarvis [12] suggested a pick and place system using a vacuum table. Angerer [13] suggested a vacuum system to pick specific pieces of fabric by opening small holes that would hold the pre-cut fabric and then close the holes to release the fabric ( Figure 15 ).
However, this system is not capable of manipulating the fabric to conform to the mold.
Fabric Manipulation
Deformation become the most widely accepted model for this process [14] . This model then leads to the conclusion by Prodrodromou [15] that after a fabric reaches its maximum allowable angle -its shear locking limit (SLL) -it will buckle out of plane and create a wave. A fabric can be extended past its SLL if the mold geometry it is placed on is more complex than what the fabric can tolerate. Another way to see this is to notice that the distance between tows gets smaller as the angle increases. When the tows have no more spacing, they are forced out of plane [16] .
Meng [3] proposed that by changing this angle before the the difference in distance traveled by the middle tows and outer tows grew. Eventually, the SLL was reached, and out-of-plane deformation occurred. By pre-shearing the fabric prior to placing it in the mold, the SLL would be reached at a later point, or not at all. Figure 18 shows a fabric without pre-shear being placed into the mold. By the time the fabric reaches the end of the mold, the shear angle has reached 30°. Figure 19 shows the same mold, but the fabric has a 10° pre-shear that eliminates the extreme shear from the layup.
Magnussen used this knowledge of in-plane-shear to avoid waves when constructing samples to travel around a radius. By clamping the fabric and shifting it discretely at specific locations, the inplane-shear was used to avoid out-of-plane waves. The paper focused on eliminating excess fabric that is traditionally allowed to build up inside of the mold and create waves. However, discrete shifts would not be able to accommodate excess fabric tow length in 3-dimensional molds.
Research Goals
This research aims to: The first experiment tests the capability of the machine to create samples for a 3-dimensional mold that are free of wave defects. The second experiment tests the fatigue properties of samples created by the machine to follow a curvature.
Shearing Machine
The Continuous One-Direction Adjustor (CODA) (Figure 20) was designed with two independent axles and adjustable wheels. For the experiments in this paper, the axle furthest from the roll of fiberglass fabric was held at its maximum speed for all experiments, while the axle closer to the roll was changed to impart a shear on the fabric. As the machine ran, excess fabric would build up behind the machine; a flattener was used to prevent this excess fabric from entering the machine.
The axles were controlled using two 4 rpm, 40in.-lbs torque DC motors connected to two Tekpower HY152A DC power outputs. Axle 2 was left at a constant 15 Volts while Axle 1 was adjusted between 11.5 Volts and 15 Volts. The voltage input was found to directly relate to the speed of the wheels.
Therefore, 77% voltage meant 77% speed. Although it was originally built with three DC motors and three power outputs, only two were used for this experiment. The third axle was not powered but was used to hold flattener in place that would apply pressure to the fabric.
The flattener was necessary to hold excess fabric behind the running axles of the machine. As the machine ran, excess fabric would build up behind the slower traveling tows. The flattener prevented this excess fabric from going under the rollers and causing out-of-plane deformation.
Experiment 1
Fabric Direction
Stationary Flattener Fabric Roll The first experiment was designed to represent fiberglass layup in a three-dimensional mold where the outside tows would require more fabric than the inside tows. Conceptually, it would be desirable to place less fabric tow length for the inside tows. Figure 21 The samples made were 1300mm in length. The shear was measured every 100mm between 100mm and 1200mm by placing a straightedge perpendicularly across the fabric, following the cross-tow to its maximum distance from that line, and measuring the distance with a Mitutoyo NTD10-8" C Caliper. The 0mm point was the first fabric to go through the machine, and the 1300mm line was the last fabric to go through the machine. The width of samples created when Axle 1 was set at 77% (samples with the greatest shear) were also measured every 100mm to determine change in fabric width. After these measurements were completed, the 750mm last through the machine were cut off and placed in the 3-dimensional mold. The mold consists of a 90° section of the inner-half of a torus. The number of waves was recorded. The height of the wave with the maximum height for each sample was measured using the caliper. Number of waves and wave height were selected as these are easy to measure and are known to have an impact on the properties of composite parts. These samples were never infused.
Experiment 1: Results
The machine imparted a shear on 88 samples for this experiment: 11 samples at 8 different settings. Figure 25 (A) shows that as the difference between axle speeds increases, the shear angle also increases. It is also important to note that the One surprising result shown in Figure 25 (C) was that when waves were present, there was no difference between those with more shear or less shear. All models would predict that if waves were present in the high-shear samples, they would at least be far less severe, but there was no significant difference between them. The standard deviation in caliper measurements given by a gauge R&R study was 1.8mm, which explains the majority of this difference; no conclusive conclusions could be drawn from the wave height data. The pre-shear imparted on the fabric by the machine was able to prevent the fabric from reaching its SLL. A sample with no observable shear and a sample with more than 30mm of shear are shown in Figure 27 before they are placed in the mold. Figure 26 shows the same samples after they are placed in the mold. The fabric with no shear prior to entering the mold, has two noticeable waves while the fabric with a significant shear, has no noticeable waves. This result was easily repeatable as 100% of samples with less than 10mm of shear experienced the presence of waves when they were applied to the mold, while only 6% of samples with 30mm of shear or more experienced the presence of waves.
The measurements showed that the shear angle is larger for fabric that travels through the machine last. If Axle 1 is continuously travelling at 77% of Axle 2, the total excess fabric will increase with length (e.g. 77% of 100mm is less than 77% of 1000mm). Figure 28 shows this relationship between shear and length of fabric. It can also be observed that the relationship is not perfectly linear. Longer samples were tested to determine that there is a maximum shear angle that a setting is capable of attaining. This means that running the machine for an infinite amount of time will not create infinite shear, but will reach a maximum shear and continue to impart that shear on the fabric. Figure 29 shows that these limits vary by the machine setting. These limits once again show the fabric's resistance to shear. If the fabric had no resistance to shear, these lines would linearly increase throughout the entire length of the fabric. If the machine had no slippage between the rollers and the fabric and the motors did were not slowed, the machine would reach a point where the SLL was exceeded or the fabric was seriously damaged.
In the final shear vs. distance test, it was shown that the machine was capable of imparting a shear and then imparting no shear along the length of a fabric. However, the length between transitions had a large impact on the fabric's ability to relax and distribute the shear. When Axle 1 ran at a low setting for 3000mm and then a high setting for 3000mm, the fabric relaxed to the point where there was no distinguishable difference between the fabric. When Axle 1 ran at a low setting for 1500mm and then a high setting for 1500mm, there was a clear difference between sections. Figure 30 shows the results of these trials. The final width measurements were used to confirm that Pin Jointed Net (PJN) was appropriate for predicting layup these measurements. PJN predicts that as shear angle increases across this fabric, it will get narrower. This did occur to these samples. Figure 31 shows the actual values compared to the predicted line using PJN.
The results strongly suggest that the machine designed for this experiment is capable of imparting a shear, and that an appropriate shear strongly influences the ability of a fabric to lay into a mold without wave defects. 
Experiment 2
The second experiment aimed to represent fiberglass layup in a two-dimensional mold where the outside tows would require more fabric than the inside tows. Conceptually, it would be desirable to place less fabric tow length for the inside tows. Wheels were place on opposite sides of the machine to create this shear.
To compare these results to previous results gathered from Experiment #1 of Magnussen [17] , the methodology used in this experiment attempts to replicate the methodology used that paper. The The coupons in this experiment were developed to be directly compared to the coupons developed and tested by Magnussen. The data in Figure 36 shows that samples from the shifting method and shearing method have a longer life than those from the steering method, especially as curvature increases. The only coupons from the steering method that survived were the two that showed no sign of out-of-plane deformation. The superior results of shearing relative to shifting can be attributed to the adhesive used to hold the shifted samples in place (that were shown to have a negative impact on strength qualities of the composite material), and the elimination of the sharp
In-Plane-Shear created at the points clamped for shifting. These were both discussed by Magnussen.
Magnussen then went on to show that the number of discrete shifts also played a role in determining the number of cycles to failure for a given turn. This was done by approximating a turn with one, two, or three discrete shifts. The samples were all taken from across a point of In-PlaneShear. Error! Reference source not found. shows the results of the sheared samples relative to the hifted samples.
When the sheared results are compared to the Magnussen results, they align with the limit predicted by Magnussen. This implies that shearing has fundamentally the same properties as an infinitely shifted sample. Magnussen developed a fit curve based on the number of shifts in sample that would predict the number of cycles to failure with a limit of 139,252 cycles which was the predicted number of cycles for a straight sample. Since it is impossible to outperform a straight sample, the limit was created at that point. The samples tested in this experiment lined up with the predicted limit which coincides with the theory that shearing is the equivalent of an infinitely shifted sample. Only two of the tests reached failure below 100,000 cycles, these tests are believed to have failed due to torsional stresses induced by the MTS machine by slowly twisting the sample over
time. The three samples tested after this twisting was corrected never failed, but were censored due to time constraints. Experiment 1 showed that pre-sheared fabric was significantly better than un-sheared fabric. The machine explained in the methodology was capable of imparting this shear, which leads to the possibility of automated fabric layup for composite parts.
Experiment 1 showed that the machine was not only capable of imparting a constant shear on the fabric, but a shear that varied throughout the length of the fabric. This could be useful for parts that have sections where certain tows would need additional length at a specific location, and then other tows would need additional length at another location.
An example of this type of part can be seen in Figure 38 .
The overall distance traveled by any individual tow over the length of the part is the same as any other tow, but at a given location, the inner tows may need more fabric and the outer tows need less fabric and vice-versa.
Potential causes of differences between fabric shear angles when at the same setting are slippage between the wheels and fabric, differences between the raw fabric entering into the machine, and the precision of the voltage settings. Potential causes of why fabrics with similar shear behaved differently when placed in the mold are how the shear was distributed across the fabric. If the shear does not align with the center of the mold, it may not conform to the mold. All of these potential causes require further research.
Experiment 2 showed that for parts traveling around a turn, the functional properties of a sheared fabric are equivalent to those of an infinitely shifted fabric and far greater than those of a steered fabric. This not only unifies shifting and shearing for 2-dimensional turns, but since the values for these experiments were the same as straight samples -the maximum attainable values -it shows that this process is capable of creating high-quality parts using an automated method. Because the samples in this experiment were small it was possible for the strength to approach that of a straight sample. Individual unit cells of sheared samples travelling around a turn can approach the strength of a straight sample; however, on a macro scale, regardless of how they are manufactured, composite parts will still be governed by the laws of statics and dynamics and will not behave identically to straight parts. 
